The bacterial type IV secretion system (T4SS) is a versatile nanomachine that translocates diverse 18 effector molecules between microbes and into eukaryotic cells. Using electron cryotomography, 19 here we reveal the molecular architecture of the cancer-associated Helicobacter pylori cag T4SS. 20
Introduction 28
The type IV secretion system (T4SS) is a remarkably versatile molecular machine present in nearly 29 all bacterial phyla and some archaeal species (1). Bacteria utilize T4SS to interact with prokaryotic 30 and eukaryotic cells and to export an incredibly diverse repertoire of substrates (2). In most cases, 31 T4SS activity is contact-dependent and results in delivery of nucleoprotein complexes and protein 32 effectors directly into the target cell cytoplasm. By facilitating the exchange of genes and proteins 33 among microbial populations and across kingdoms of life, the T4SS has accelerated bacterial 34 evolution and resulted in species that thrive in diverse environments, including within plant and 35 animal hosts (1, 3, 4) . 36 37 T4SSs are used by a variety of pathogens during host colonization, including the gastric bacterium 38
Helicobacter pylori. H. pylori may harbor up to four T4SSs, including the cag pathogenicity island 39 (cagPAI)-encoded T4SS (cag T4SS) (5, 6); the comB T4SS that mediates DNA uptake from the 40 extracellular environment (7); and two less well-characterized T4SSs, tfs3 and tfs4, which are 41 hypothesized to function in horizontal DNA transfer between bacteria (8). H. pylori exploit the 42 cag T4SS to translocate a variety of effector molecules into gastric epithelial cells, including the 43 oncoprotein CagA, fragments of peptidoglycan, chromosomally-derived DNA, and the 44 lipopolysaccharide (LPS) biosynthesis metabolite heptose-1,7-bisphosphate (5, (9) (10) (11) . These 45 translocated effector molecules activate components of the innate immune system and dysregulate 46 signaling pathways that significantly augment the risk of gastric cancer (12, 13) . 47 48 Elegant studies analyzing the prototypical vir T4SS harbored by the phytopathogen Agrobacterium 49 tumefaciens have provided valuable insight into T4SS biogenesis and function (1, 14) . In addition, grids, infected the grid-adherent monolayers with H. pylori, and plunge-froze the co-culture 74 sample to preserve cellular features in a near-native state. We recorded ECT tilt-series (27) of 75 regions of the sample where the bacteria were in direct contact or close proximity to epithelial cell 76 elongations (Fig. 1A, B) . In approximately 5% of the tomograms, we observed striking 77 membranous tubes extending from the outer membrane of H. pylori cells (Fig. 1C, D) which were 78 not observed in the absence of gastric epithelial cells (n = 464, Fig. S1 ). While this indicates that 79 the tubes assemble in response to the host cell, we did not observe direct interaction of individual 80 tubes with gastric epithelial cell surfaces (though we cannot rule out the possibility that longer 81 tubes touched host cell surfaces beyond the imaging area of individual tomograms). Putative LPS 82 densities, as observed on the cell surface, were clearly visible on the periphery of tube cross-83 sections, as were both leaflets of the membrane bilayer ( Fig. 1D , inset). A thin layer of periodic 84 densities lined the interior of the tubes, intimately associated with the inner leaflet of the bilayer, 85
suggesting the presence of a regular protein support scaffold (Fig. 1E ). The tubes appeared rigid 86 and had membrane-outer-surface (not including LPS) and inner-channel (inside surface of 87 scaffold) diameters of 37-and 22-nm, respectively ( Fig. S2 ). Many tubes displayed pipe-like ports 88 (median dimeter 10 nm) along their lengths ( Fig. 1F -I). In some cases, ports appeared to induce 89 small bends in the tube (Fig. 1J ), as if by wedging into the scaffold. The length of individual tubes 90 produced by wild-type (WT) H. pylori ranged from 76 to 547 nm, with a median of 193 nm (n = 91 18). To our surprise, the tubes were not associated with obvious basal body-like densities localized 92 directly beneath the tube in the periplasm or the inner or outer membranes, suggesting that a 93 dedicated membrane-bound apparatus is either not required for tube formation, not recognizable 94 at the current resolution, or had disassembled prior to sample freezing. 95
96
To investigate whether the tubes were related to cag T4SS activity, we used ECT to image H. 97 pylori lacking either the effector protein CagA, the cag T4SS pilus regulating protein CagH (22), 98 or the entire cagPAI. ECT revealed tubes extending from the bacterial envelope when either cagA 99 or cagH mutants were co-cultured with gastric cells (Fig. S2 ), but not the cagPAI strain. Under 100 these conditions, tubes were produced by H. pylori proximal to a gastric cell in a total of 17 of 336 101 tomograms across the analyzed strains. We visualized roughly equivalent numbers of tubes per 102 cell produced by WT, cagA, and cagH strains (cagA, n = 22; cagH, n = 23). Two extremely long 103 tubes (785 nm and 1311 nm) were observed in the cagH mutant ( Fig. S3 shows the longest 104 observed tube), and this strain also assembled a few tubes with larger outer and inner diameter 105 dimensions ( Fig. S2 ). 106
107
In vivo ultrastructure of the cag T4SS. In some tomograms, we noticed dense, periplasmic, cone-108 shaped particles spanning the bacterial envelope near (but not directly below) membrane tubes 109 ( Fig. 2A, B ). These structures were reminiscent of L. pneumophila dot/icm T4SS complexes 110 observed in situ (19), and consisted of distinct layers of densities in the periplasmic space near the 111 outer membrane ( Fig. S4A, B ). Based on the structural similarity to the dot/icm T4SS, we 112 hypothesized that these structures corresponded to a T4SS. Close inspection of our tomograms 113 revealed varying numbers of these particles in each H. pylori cell (ranging from 0 -4 particles per 114 cell in the field of view of the tomograms). The particles were found at cell poles as well as sides, 115 consistent with previous reports analyzing cag T4SS components (21-24). In many instances, we 116 observed the bacterial outer membrane bulging to accommodate the assembled particle. We also 117 captured several top views of the structure which revealed two concentric rings. The outer ring 118 exhibited 14-fold symmetry and a diameter of 40 nm (Fig. 2C) , consistent with the structure of immunopurified cag T4SS core complexes resolved earlier by negative stain electron microscopy 120 ( Fig. 4D ) (20). Among the four potential T4SSs harbored by H. pylori, the imaged strain lacks 121 complete tfs3 and tfs4 systems (8), and although the strain harbors the comB T4SS, corresponding 122 cone-shaped particles were never observed in over 100 tomograms of the cognate cagPAI strain 123 co-cultured with gastric epithelial cells, leading us to conclude that these particles are the cag T4SS 124 rather than the comB DNA uptake or other T4SSs. 125
126
To investigate structural details of the cag T4SS, we sought to generate a subtomogram average. 127
In initial averages, we were able to resolve clear structural features in the periplasm but not the 128 cytoplasm. Given the inherent structural flexibility of other T4SSs (15, 19), we aligned and 129 averaged the periplasmic and cytoplasmic regions separately and then generated a composite 130 average ( Fig. 2E; Fig. S4C ). In the periplasm, we resolved a "hat" density associated with the outer 131 membrane, several ring-like densities surrounding and beneath the hat, a central stalk, and wing-132 like densities on the periphery (Fig. S4C , E). Cross sections through the cytoplasmic apparatus 133 revealed parallel lines of density ( Fig. 2E -H), but because most of the cag T4SS particles used in 134 the average were imaged from the side (electron beam parallel to the membranes), the average was 135 smeared by the missing wedge effect in that direction. To interpret these densities, we therefore 136 explored a variety of candidate structures by generating artificial tomograms smeared by the same 137 missing wedge effect, and then compared their cross sections to the experimental data ( Fig. S5 ). 138
We tested configurations of one to six barrel densities and various combinations of barrel and rod 139 structures. The best-matching model consisted of a short central barrel surrounded by four longer 140 barrels, which together recapitulated the experimental results very well (Figs. 2E-H, 2K-P, S5). 141
Sheathed cytoplasmic rod on the cag T4SS. In three unusual cag T4SS particles (out of a total 143 of 70 particles), we observed a dense, central rod extending from the outer membrane-associated 144 complex into inner membrane invaginations with different depths ( Fig. 3B -D, F-H). This feature 145
was not observed previously in the dot/icm T4SS, nor in the purified R388 T4SS particles (15, 19) . 146
The rod and inner membrane invaginations measured ~10 nm and 30 nm in width, respectively, 147 and the rod extended 45 -120 nm from the outer membrane complex ( Fig. 3B-D) . Notably, in one 148 of the particles, the rod appeared to project through the inner membrane into the cytoplasm, though 149 the details were obscured by the crowded cytoplasm ( Fig. 3D, H) . 150
151
Comparison to previous T4SS structures. The T4SS family is phylogenetically diverse, and has 152 been divided into two major sub-types, type IVA and type IVB (T4ASS and T4BSS). Historically, 153
T4ASSs have been classified according to protein homology to components of E. coli tra DNA 154 conjugation systems (types F and P) and the A. tumefaciens vir T4SS, while T4BSSs exhibit 155 protein sequence conservation to IncI-like conjugation systems and the L. pneumophila dot/icm 156 T4SS (28). In most cases, T4ASSs are comprised of approximately 12 components with clear 157 homology to Vir proteins, while T4BSSs incorporate many more proteins (twenty or more), and 158 few share sequence homology with vir T4SS components (28). The cag T4SS has been considered 159 a T4ASS since several Cag proteins share limited sequence similarity to Vir components (6, 28); 160 however, the homologies are so weak their relevance is unclear, and the cagPAI encodes as many 161 genes as a typical T4BSS, including many H. pylori-specific genes (6). Thus, the cag T4SS may 162 represent a mosaic or hybrid T4SS subtype. 163
164
To explore the structural relationships between T4SSs, we compared the cag T4SS sub-tomogram 165 average to the previous EM and crystallographic structures of purified sub-complexes of the R388 166 (15) ( Fig. 4A, B ), EM images of negatively-stained immuno-purified subcomplexes of the cag 167 T4SS (Fig. 4C, D) , and the subtomogram average of the in vivo dot/icm T4SS (19) ( Fig. 4E; Fig.  168 S4E). In comparison to the R388 structures, the cag T4SS is similar in that it includes a large 169 cluster of densities associated with the outer membrane, a stalk that connects the outer membrane-170 associated cap to the inner membrane, and structures in the cytoplasm anchored to the inner 171 membrane ( Fig 4A, G) . The size and shape of the R388 outer-membrane-associated cluster 172 (referred to in (16) as the "core" complex, containing the C-termini of VirB7, VirB9, and VirB10) 173 matched the hat and inner ring density below the hat (labelled d in Fig. S4E ) in the cag T4SS 174 structure ( Fig. 4A properties to compare rather than grey-levels). These observations further confirm that the particles 189 averaged in this study are the cag T4SS. From this comparison, and based on previous 190 experimental evidence (20), we conclude that CagT, Cag3, and CagM must produce the densities 191 inside the blue outline but outside the orange in Figure 4G further supported by recent work demonstrating that the VirD4 coupling protein is situated in the 215 center of the R388 inner membrane complex between VirB4 barrels (31). Collectively, these data 216 reveal that although the cag T4SS is phylogenetically distinct from both the R388 and the dot/icm 217 T4SS, the gross architecture of these three T4SS machines is remarkably conserved. 218
219
Discussion 220
Here we have reported the structure of the cag T4SS and shown that when H. pylori are in 221 proximity to host cells, the bacterium produces membranous tubes decorated with pipe-like ports. 222
Multiple scanning electron microscopy (SEM) studies have shown that under similar conditions, 223 H. pylori assembles extracellular filaments, but the drying and metal coating inherent to SEM 224 obscured fine details (21-23, 25, 26). In previous papers, these structures have been referred to as 225 "pili," "cag T4SS-associated pili," "filaments," "extensions," etc., but here we will refer to all of 226 the previously observed structures as "SEM filaments" for clarity, and because we would like to 227 use the word "pilus" for a single component of the structure (the rod) described below. We 228 conclude that the membrane tubes visualized by ECT are the native form of the previously 229 described SEM filaments for the following reasons. First, both the membrane tubes and SEM 230 filaments were only seen when H. pylori was co-cultured with gastric epithelial cells. Second, in 231 all cases both structures depended on the presence of the genes in the cagPAI. Third, one previous 232 study interpreted the SEM filaments as proteinaceous pili covered by membrane sheaths (21).
Fourth, and most decisively, deletion of the CagH "molecular ruler" protein resulted in both longer 234 and wider membrane tubes and longer and wider SEM filaments (22). Concerning size, 235 unfortunately the different SEM studies reported substantially different diameters for the SEM 236 filaments, ranging from 15-70 nm (21-25). While this range does include the diameter of the native 237 membrane tubes measured here (consistently 37 nm median diameter), we speculate that in the 238 previous SEM studies, the extensive chemical fixation, dehydration, and metal coating inherent to 239 the method may have introduced the variations. 240 241 Previous SEM immuno-labeling experiments showed that CagY is present along the SEM 242 filaments (21, 26) and CagT is clustered in ring-like formations at the SEM filaments' base (21). 243
Other immuno-labeling studies showed that additional Cag proteins could be localized to the SEM 244 filaments, including CagA, CagL, CagT, and CagX (21, 23, 24, 26, 29) . Comparisons of the T4SS 245 structure obtained here with previous structures and images of purified complexes revealed that 246 the conserved C-terminal region of CagY forms the central part of the "hat" density and that CagT 247 forms part of the outer ring. Assuming CagX is a homolog of VirB9 as predicted (6, 29), CagX is 248 also present in the hat density. Because both the cag T4SS and SEM filaments/membrane tubes 249 have been associated with CagY, CagT, and CagX, we propose that the cag T4SS and the tubes 250 are different states of the same secretion apparatus. In support of this, we note that the outer and 251 inner diameters of the membrane tubes (37-and 22-nm, respectively) approximately match the 252 outer and inner ring dimensions of the T4SS (41-and 19-nm, respectively). 253
254
More specifically, we propose as a working hypothesis that the T4SS structure shown here ( Fig.  255   2E) is a "pre-extension" state that assembles in response to contact with a host cell (Fig. 5A ). It is 256 known that the E. coli tra and A. tumefaciens vir T4SSs produce protein pili (Fig. 5B ). In the tra 257 system, the protein F pilus has an outer diameter of 8.7 nm and is formed by the major pilin 258
TraA/VirB2, which is otherwise found in the inner membrane (32). The images shown in Fig. 3  259 reveal that the cag T4SS also produces a rod-like structure with similar diameter, seen here in the 260 periplasm. Upon receiving the proper signals, we therefore propose that the cag T4SS also 261 assembles a protein pilus (the rod) from subunits in the inner membrane. This pilus may be formed 262 of CagC, which exhibits weak homology to the VirB2/TraA component in the vir T4SS (25, 33, 263 34). In our working model, we propose that as the pilus grows upwards from the IM, it interacts 264 with components of the core complex within the periplasm, possibly opening a translocation 265 channel through the system (1). At the onset of membrane tube formation, a conformational change 266 within the core complex disengages the CagX/CagY hat which is released from the CagT/Cag3 267 outer ring and extended tubes are produced by growth of the thin protein scaffold lining the inside 268 tube surface (Fig. 5C ). The tubes are stabilized by the CagT/Cag3 outer ring, which remains at the 269 base like a collar, and the scaffold, which holds their diameter constant along their length. This 270 scaffold may contain CagL, which has been proposed to be a functional homolog of the VirB5 271 subunit (35) that is known to decorate the outside of the VirB2 T-pilus in A. tumefaciens (36, 37) . switch that regulates secretion activity in vivo (24). In the imaged strains, the lateral ports exhibited 293 a diameter of ~10-12 nm, which is large enough to facilitate transport of the folded CagA effector 294 protein, whose dimensions measure 8 by 11 by 5.5 nm (39). One problem with this model is what 295 happens to the IM transmembrane domain of CagY -given its tether to the IM, how would it 296 remain at the tip of the extending tube? One possibility is that as the IM is perturbed by pilin 297 subunits being loaded out of the IM and onto the base of the pilus, and as the pilus itself may 298 incorporate IM lipids similar to E. coli tra F pili (32), the CagY tether is somehow released. 299
Another possibility is that as CagY is ~1900 amino acids long, it spans the length of the tube. 300 301 Our interpretation of the three unusual T4SS particles with pili protruding downwards towards the 302 cytoplasm ( Fig. 3) is that these are stalled end-states in which the CagX/CagY hat failed to 303 disengage the CagT/Cag3 ring, forcing pilus growth to push the IM downwards instead of the OM 304 upwards. It may therefore be that the only states captured in cryotomograms are long-lived, 305
including the pre-extension state (Fig. 5A) , various stalled "failure to fire" states ( Fig. 5C') , and 306 terminal end states of tubes no longer connected to the host, leaving the tubes to reseal at the tip 307 ( Fig. 5E) . Future studies will focus on earlier stages of the association and on bacteria directly 308 touching host cells, in hopes of producing images of the hypothesized transitory states ( Fig. 5B -309 D). 310
311
The role and fate of the pilus itself remains particularly unclear. While pilus growth might be 312 involved in tube extension, a recent study revealed that SEM filaments can be produced by a strain 313 lacking cagC (25), and it is also known that strains lacking cagC do not secrete cag T4SS effectors 314 (25, 34). Perhaps there is some required interaction between the putative CagC pilus and the 315 CagX/CagY hat that primes the hat for membrane fusion. Alternatively, as proposed for VirB2 in 316 other type IVA systems (1), CagC may form a stable, rod-like translocation channel or pore 317 through the periplasmic core complex into the base of the tube when the system is actively 318 secreting effector molecules. 319 320 Assuming our model is correct, the H. pylori cag T4SS differs from the E. coli tra or A. tumefaciens 321 vir systems in that the cag T4SS produces an extracellular appendage enclosed by outer membrane. 322
Perhaps all T4SSs will share the basic central machinery that loads a VirB9/VirB10 membrane-323 fusion machine at the tip of an appendage (pilus or tube) that then extends to open a channel into 324 a host cell, but differ in the presence and roles of peripheral proteins that manage the OM's 325 involvement in that appendage. Functionally, exposed protein pili may alone be sufficient to 326 translocate single-stranded DNA (40), but wide membrane tubes like those seen here are likely 327 required to translocate folded effector proteins into a host. Interestingly, some have already also 328 proposed that membrane tubes are involved in DNA translocation as well (41, 42) . 
